Polarimeters at optical and near-infrared wavelengths are increasingly available as part of facility instruments at major observatories, and are used for a large number of astronomical programmes, ranging from nearby star-forming regions to high-redshift galaxies. Polanmetry is used in both imaging and spectroscopic modes and at both low and high spectral resolutions. As degrees of polarisation are usually low a large collecting area is needed to get the high signal to noise required for accurate polarimetry. Thus polarimetry can take particular advantage of the new generation 8m telescopes such as Gemini. Techniques for obtaining high precision measurements (better than 0. 1%) used for infrared polarimeters on UKIRT and on the AAT, together with the performance achieved for both imagers and spectrometers are presented. The implementation ofthe same techniques proposed for Gemini instruments is described.
Introduction
Polarimetry is a technique that can take particular advantage of the new generation of large optical-infrared telescopes such as the Gemini telescopes, with 8m mirrors, being built on Mauna Kea, Hawaii (Gemini-N) and at Cerro Pachon, Chile (Genüni-S). The excellent image quality, which will be obtained with the Gemini telescopes, is important in resolving polarisation structure and in isolating polarised components from diluting unpolarised flux.
As degrees of polansation are low (usually less than 5%), a large collecting area is needed to get the high signal to noise required for accurate polarimetry. Polarisation observations, especially in the optical and in the near-JR at moderate spectral resolution, are more likely to be source noise limited, with the limiting flux then scaling as the square of the telescope diameter, whereas the limiting flux scales as the telescope diameter for sky-limited observations. Thus polarimetry will often have the same gains in using a larger telescope as high-resolution spectroscopy.
A S/N ratio of 300: 1 in total flux is required to achieve a 0.5% absolute uncertainty in the degree of polarisation. For the source-limited case this corresponds to 8x104 photons or 4x104 per Stokes parameter. The required accuracy in astronomy varies considerably: a target of 1% (absolute uncertainty) might be appropriate for velocity resolved spectropolarimetry of stars and active galactic nuclei (AGN) and for circular polanmetry (but see section 4.3), whereas 'l% might be entirely adequate for linear polarimetry of reflection nebulae.
The aim is to provide high precision, high efficiency, low instrumental polansation linear and circular polarimeters for all the Gemini instruments, using techniques successfully employed on the Anglo-Australian Telescope (AAT) and the
United Kingdom Infrared Telescope (UKIRT).
This paper is sectioned as follows: there is a brief description of the main mechanisms producing polarised flux in astrophysics and the type of scientific programmes where polarimetry plays an important role; this is followed by the requirements for high precision polarimetry, the conceptual design for Gemini polarimetry, and a description of the optical components required. Lastly, the perfonnance of the polarimeters at the AAT and UKIRT is described and some results are presented.
Producing polarised flux: intrinsic mechanisms
Some radiation mechanisms produce polarised flux directly. For example, cyclotron radiation, which is circularly polarised, is produced by non-relativistic electrons spiralling in a high magnetic field. At low values ofv/c most power is generated at the gyration frequency, while higher harmonics are produced as the velocity increases. Synchrotron radiation, which is linearly polarised, is produced by relativistic electrons in the presence of a magnetic field, and extends over the whole ofthe electromagnetic spectrum that is available from the ground.
Producing polarised flux: secondary mechanisms
Scattering of radiation from dust grains or free electrons occurs in many astrophysical situations, producing linear polarisation; circular polarisation can be produced when polarised radiation is scattered from non-Rayleigh dust grains, or when radiation (polarised or not) is scattered from aligned grains.
The polarised flux, produced by scattering, can be used to study regions which are normally obscured from direct view, and to study the geometrical and velocity relationship between the radiation source, the scattering particles, and the observer without spatially resolving the source. A comparison of total and (scattered) polarised flux provides views of a source from different angles. Aliernatively, the wavelength dependence of linear and circularly polarised flux can be used to determine the properties ofthe scattering particles.
Aligned dust grains can produce polarisation either in absorption or in emission. The spin axes of non-spherical dust grains can assume a preferred orientation through a variety of mechanisms (see' and references therein). In the presence of a magnetic field the short axis of the grains will become aligned with the local magnetic field. Selective absorption of radiation by a medium of aligned grains (dichroism) produces polarisation parallel to the magnetic field. Radiation emitted by aligned grains will be polarised perpendicular to the magnetic field. Thus the position angle of polarisation gives directly the direction of the magnetic field projected onto the plane of the sky. This yields information on the field component orthogonal to that provided from Zeeman splitting of spectral lines.
Science programmes
Optical and infrared polarimetry plays an important role in a very wide range of astronomy research including the study of:
. star forming regions, the evolution ofyoung stars . circumstellar disks, envelopes and stellar winds . chemical and physical properties of dust grains . the structure of magnetic fields associated with stellar envelopes, in the diffuse ISM and in dense clouds . stars with intrinsically polarised radiation . the Galactic Centre . active galactic nuclei, including those normally obscured from direct view . high-z radio galaxies, including their stellar evolution.
Requirements for high precision polarimetry
In order to achieve high precision in polarisation measurements (better than 0. 1%), in a relatively straight-forward way, there are two basic requirements:
. the polarisation modulator should be placed before any non-symmetric reflections; this usually means the instrument is located at the Cassegrain focus;
. the analyser should transmit both orthogonal components ofpolarisation so they can be recorded simultaneously.
The first requirement ensures that any instrumental polarisation (IP) produced by the telescope optics is negligible, and the second requirement ensures high accuracy, and this can be achieved even when the conditions are not photometric. For Gemini, the first requirement will be met by all the instruments, as each can be mounted on the straight-through port of the Cassegrain Instrument Support Structure (ISS-see Box 1). This gives Gemini a unique capability. The off-axis high-order adaptive optics (AO) system of Gemini could be used for polarimetry but at the expense of increased instrumental polarisation, which might be difficult to correct. The higher IP is likely to be unimportant in some circumstances: for example, observing very highly polarised reflection nebulae, and for velocity resolved spectropolarimetry, since the IP should not have a strong wavelength dependence.
The second requirement has been met over the wavelength range O.3m to 5jirn2 '3, but not yet for the lOim and 2Om atmospheric windows (the N and Qbands respectively). Suitable prisms are being considered for these wavebands, but observations with single beam analysers are still possible in photometric conditions with fast sampling, as has been demonstrated for both imaging and spectropolarimetry modes4 '5. It is proposed that both Gemini-N and Gemini-S each have a polarisation module that can be used by all instruments operating between 0.3 and 55jtm mounted on the straight-through port of the 155. This will consist of two, possibly three, rotating assemblies and a calibration wheel. The rotating assemblies will hold wave-plates. For circular polarisation measurements quarter-wave and half-wave retarders are needed for linear polarimetry only a single halfwave retarder is required. Separate retarders are needed to cover 0.3 to 1. lim, 1.0 to 2.5im and each of the L and M bands (centred at 3.5im and 5pm, respectively). It might be possible to cover 0.3 to 2.5j.tm, with very high polarisation efficiency, with a single waveplate (see Table 1 ). The calibrator will contain polarisers, which produce a known polarisation, to be used to measure polarisation efficiency, and to check on the instrumental position angle calibration Even for linear polarimetry there will be an advantage in having two or more rotating assemblies, enabling wave-plates covering different wavelength ranges to be immediately available for observations; important for the queue scheduling planned for Gemini operations.
Each instrument needs an analyser, which should be located in the ciyostat for the LR instruments (see section 3.2). Ideally this should be a polarising prism, producing both orthogonal states of polarisation. Since two spectra or images are produced, a focal plane mask is required so that extended objects can be observed without overlapping the images (see section 3.4). When using fibres, e.g with an Integral Field Unit (IFU), the analyser must be placed before the fibre feed so that the fibres do not scramble the polarisation information.
The polarimeters built by the authors for the Anglo-Australian Telescope and for the United Kingdom Infrared Telescope follow the above principles, and section 4 describes their performance.
Two alternative modes ofoperation, which do not require the use of retarders have been considered: (i) taking exposures with the whole instrument rotated through 45° steps. This can only be used in imaging mode and this is at the expense of a reduced precision in the measured degree of polarisation that can be attained, as the image will rotate on the array.
(ii) Oliva6 has proposed using a combination of two Wollaston prisms and two wedges in the pupil plane of a camera/spectrometer. Simultaneous measurements of the polarised flux at angles of 0, 45, 90 and 135 degrees are obtained, using an input field mask which prevents overlap of these images for extended sources. Such a system will not allow the measurement of circular polarisation and the relative gain of the two orthogonal components of polarisation, produced by the prisms, is likely to change with spectrometer grating angles making calibration for high precision polarimetry difficult.
Conceptual design
The basic requirements for a Gemini polarimeter are shown in Box 1, based on the use of retarders and a fixed analyser, ideally a dual-beam polarising prism. This design ofpolarimeter should achieve a throughput of not less than 90% and be capable of measuring degrees of polarisation to a precision of '-0.02%. Typically the instrumental polarisation should not exceed 0.05%, although contributions to this from the primary and secondary mirrors will vary depending on the state of the mirror coatings. Polarisation efficiency should be 100% between 0.3 and 2.5gm, using achromatic retarders, but for the zero-order retarders in other wavebands the polarisation efficiency will reduce as sin(rc2J2?), for a design centre wavelength of A,,, and be typically 95%, and 98% at the limits ofthe L and M bands respectively. The wave-plate module, to be located in front ofthe straight-through port ofthe ISS, will have two or possibly three waveplates and a calibration wheel. For linear polarimetry a single half-wave retarder is required. Images are recorded at four positions ofthe wave-plate (00, 450 22.5°, and 67.5°). A continuously rotating mode is required to provide unpolarised flat fields, with an integral number of rotations required per exposure, ora sufficiently large number of rotations that any noncomplete rotation becomes negligible (e.g. to reduce the polarisation of a flat field by a factor n requires (n/16r) rotations where r is the rotation rate in Hz). Alternatively a good flat field can be obtained by median filtering a number of blank sky observations at all the 4 wave-plate positions.
For circular polarimetry, quarter-wave and half-wave retarders are normally required. In most astrophysical situations degrees of circular polarisation are generally low, and are often accompanied by much larger degrees of linear polarisation. In order to eliminate systematic errors produced by the conversion of linear to circular polarisation, a halfwave retarder can be rotated continuously in front of the stepped quarter-wave retarder. Exposure times, at each position ofthe quarter-wave retarder, should be an integral number of periods of the mechanical rotation of the half-wave retarder. With this technique, rejection ratios 2000: 1 can be obtained (see section 4. 1), so even in the presence of 100% linear polarisation the spurious circular polarisation will be less than 0.05%. Exposures are needed at O, 900 450and 135°, or at just two positions of the quarter-wave retarder, separated by 900, provided these correspond to positions of maximum modulation.
Optical components
All the polarimetry optics proposed for Gemini are used on either the AAT or on UKIRT with a range of imagers and spectrometers. They have all been supplied by B. Halle of Germany.
Retarders
The types ofwave-plate available are shown in Table 1 Gemini instruments include on-instrument-wave-front-sensors (OIWFS) for the AO. This makes the field ofview of each instrument larger (P.465mm) than the size of retarder needed for polarimetry (typically up to 95mm diameter). It is proposed, therefore, that each of the waveplates is surrounded by a transparent ring (possibly of fused silica) of outer diameter 165mm.
The Analysers
Two types ofpolarising prism are commonly used: calcite blocks, which produce a translational displacement between the e-and 0-rays, and Wollaston prisms that produce an angular separation ofthe two beams.
Calcites have been used in a number of optical spectrographs placed below the spectrograph slit, with a beam displacement which is O. 1 x the calcite thickness. A simple calcite has the disadvantage that the two beams have different optical path lengths and therefore a different focus. This can be overcome by using a Savart plate, as in the ISIS spectropolarimeter on the WHT. Calcites cannot be used beyond 2.0m because oftheir large opacity to the 0-rays.
Wollaston prisms can be used in the collimated beams of JR cameras and spectrometers23 (see section 4). The deviation of the 2 beams is given by 2An.tanO where 0 is the prism angle, and in = (n-n) is the material birefringence. Double Wollastons, with twice the thickness and angular dispersion, can also be produced. The separation ofthe two beams in arc seconds, expressed in sky-projected angles, is given by 2O63in tanO.DD1', where D is the diameter of the pupil image inside the instrument (in centimetres) and Dtei 1S the telescope diameter in metres8.
Until the introduction, by the authors, of Wollaston prisms in infrared instruments, wiregrid analysers were used extensively at these wavelengths and continue to be used at 1Om and 2Om.
Materials
A number of materials can be used for the manufacture of Wollaston prisms. Polarimeters built at the AAT and at JJKIRT have used magnesium fluoride (MgF2) and lithium niobate (LiNbO). Lithium mobate has the advantage of a much larger birefringence and so much thinner prisms can be used, useful when limited space is available, for example in an instrument filter wheel. However, it has a large refractive index (2.24), so requires AR coatings, and the birefringence is moderately wavelength dependent. Even with MgF2 the wavelength dependence ofthe dispersion ofthe e-and o-rays can produce a significant elongation of the images in the dispersion direction when using wide band ifiters (lateral chromatism).
Two other materials which have both high birefringence and low lateral chromatism are available8. Silver thiogallate (AgGaS2) has a birefringence at 1.6j.tm which is 5times that ofMgF2, but with a lateral chromatism which is a factor of two lower. However, the refractive index is high (2.46) and AgGaS2 ciystals are significantly deformed by cooling. A second material, YLF (LiYF4), is transparent to beyond 4.un, its birefringence at 1.6gm is twice that of MgF2 and its lateral chromatism is lower by a factor of -l2 (although this reduces to a factor of only two better at 2.2j.un). As its refractive index is only 1.45, and the crystals are only slightly deformed by cooling, YLF may well prove to be an ideal material for Wollaston prisms in the near-infrared.
Calibrators
For linear polarimetry there are three requirements: to determine the efficiency of measuring degrees of polarisation, the zero ofposition angle ofpolarisation, and the instrumental polarisation.
Polarisation efficiency is usually measured by observing an unpolarised star through a polariser ofknown efficiency. Glan prisms are very effective, producing 100% polarisation, and are commonly used between O.3tm and 2im. They are, however, bulky and are often used to calibrate secondary calibrators such as HNB'P sheet polaroid, used between O.32prn
and O.78m, HN22 sheet used between O.42tm and O.8lim, HR sheet used between l.Om and 2.2tm and wiregrids, used between l.O.tm and 2O.tm.
When using some retarders (e.g. the optical superachromats) the fast axis ofthe retarder is a function of wavelength. This can be readily determined by observing an unpolarised star through a high efficiency polariser. The absolute position angle of polarisation can be measured (in the optical) by using a reversible Polaroid suspended in front of a nearly horizontal telescope9, or from the terrestial blue sky at the zenith10. More usually, however, previously calibrated polarisation standards are used" These are stars where the polarisation is thought to arise entirely by dichroism, i.e. the passage of starlight through aligned grains in the interstellar medium. Such standards are available from 0.3 to 2.5prn, but at longer wavelengths the degree of interstellar polansation is small. Stars embedded in dark clouds, with high extinction, have been used in the infrared but there may be some local polarisation produced by reflection nebulosity around the star, and thus the polarisation may be aperture dependent, and may also be variable.
The instrumental polarisation is most readily measured by observing a series of unpolarised stars, generally nearby (high proper motion) F&G type stars. Typically the instrumental polarisation should not exceed 0.05%.
The focal plane masks
If the two orthogonally polarised images are split by 1/4 of the array (see section 4). then the following focal plane mask is required for imaging and for spectroscopv (see Box 2).
Box 2: spectroscopic and imaging masks for a polansing prism producing a split between the e-and o-rays. of onequarter of the detector array.
Performance
The proposed Gemini polarimeters. are based on designs used at the AAT and at UKIRT. The performance of the nearinfrared imaging and spectropolarimeters at these 2 telescopes is now described briefly.
Anglo-Australian Telescope
Polanmetry is available for IRIS. the observatory near-IR camera/spectrometer. which is mounted in an upward-looking mode at the f/15 or 1735 Cassegrain focus of the telescope. The IR detector is a HgCdTe 128x 128 array. operating between I and 2.5p.m. with a pixel scale of 0.60 arcsec at 1715 and 0.31 arcsec at 1736.
The ?12 and 2J4 retarders used are achromats constructed from quartz and magnesium fluoride, covering the wavelength range 1 to 2.5p.m. The cemented Wollaston prism is constructed of MgF2. and produces a divergence of 0.97° at I 6p.m. giving a separation of the o-and the e-ravs of one-quarter of the array. The chromatic dispersion is 0.54 arcsec
The linear and circular polarisation efficiency is 100% from I to 2.5 p.m, and the instrumental polarisation is <0.06%. For circular polarimetry, the continuous rotation of the upstream 2J2 retarder removes any linear polarisation that is present with a rejection ratio of (I) A polarised intensity image at 1 .6tm. taken at the United Kingdom Infrared Telescope Hawaii. of the Sevfert galaxy NGC 1068 enables the obscuring torus around the active galactic nucleus to be observed. Light from the central engine is normally obscured from direct view by an optically and geometrically thick dusty. molecular torus. However, light that escapes along the poles of the torus can be scattered to us. and polarised, by material along the poles of the torus (forward and counter scattering cones). Close to the centre of the active galaxy, the scattered light from the backward facing cone is blocked from our view b the torus. and thus the torus can be seen in silhouette (Figurel).
(ii) The Orion Molecular Cloud (OMC-1) is an intensively studied region of ongoing star formation. High degrees of linear polarisation are produced by the scattering of light from the Irc2 star complex (5.7arcscc cast and 6.9 arcsec south of BN. believed to be the most energetic source within OMC-1. Totally unexpected has been the discoverv of
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very high degrees of circular polarisation (see Fig 2) . This discovery of very high degrees of circular polarisation in star-forming regions may have important implications for the origin ofbio-molecular homochirality on Earth2.
